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“...There are things we know we know 
 
We also know  
There are known unknowns.  
That is to say  
We know there are some things  
We do not know.  
But there are also unknown unknowns,  
The ones we don't know  
We don't know.” 
 
Excerpt from Department of Defense news briefing  
quoted in (Fierer 2008) 
 
 
 
Not everything that can be counted counts, 
and not everything that counts can be counted. 
Albert Einstein 
US (German-born) physicist (1879 - 1955) 
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ABSTRACT 
The distribution and abundance of marine picoplankton populations in the Patagonia 
Large Marine Ecosystem (PLME) were quantified from samples collected during the 
COPAS08 (Coccolithophores of the Patagonian Atlantic Shelf Cruise) that took place in 
Austral summer from December 2008 to January 2009.  Twenty seven stations were 
sampled at 5 depths for picophytoplankton and heterotrophic bacterial abundance using 
flow cytometric analysis and DNA nucleic acid staining.  Additional samples were taken 
from a carboy incubation experiment to quantify the effect of increased CO2 
concentrations on the picoplankton community.  Results showed that cyanobacteria 
dominated the picoplankton biomass throughout the PLME, particularly at lower latitudes 
closer to the influence of subtropical waters, (between 38 and 48 S latitude) which 
included stations 7- 10 corresponding to the Brazil current region of warmer, sub-
tropical, oligotrophic waters, and at stations 20, 28,30,32 and 54 in deeper waters off the 
shelf-break; whereas picoeukaryotic abundance was greater at station 5 and across the 
shelf-break stations 15 - 18; 44, 48 and 50, at higher latitudes south of 45 S.  
Cyanobacteria showed a positive correlation with temperature and a negative correlation 
with total dissolved inorganic nitrogen, whereas there was little relationship between 
picoeukaryotic abundance and temperature or nutrients.  Heterotrophic bacteria showed a 
slight positive correlation with both temperature and cyanobacteria abundance.  The 
results of two carboy incubation experiments to measure the response of marine 
phytoplankton assemblages to different pCO2 levels indicated that some members of the 
picoeukaryotic populations exhibited significant increases in abundance during the 
experiment.  Cyanobacteria and heterotrophic bacterial populations exhibited an increase 
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in abundance over 72hrs, during the first experiment with water obtained from outside the 
coccolithophore bloom (at station 5), however this response showed no clear relationship 
with elevated CO2.  Picoeukaryotes obtained significantly higher populations at 24 and 
72hrs during the second experiment conducted with water from within a coccolithophore 
bloom at station 24 but similarly, the response did not arise from the increasing levels of 
CO2.  The measured populations within each carboy experiment reflected different 
phytoplankton communities with unique taxonomic composition.  Our analyses of the 
picoplankton within the hydrographic regions and during carboy experiments provide a 
baseline indication of picoplankton population distribution and abundance and present an 
important contribution to understanding the biological community within the PLME, a 
region of significance to understanding global biogeochemical processes. 
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INTRODUCTION 
Background  
 Marine phytoplankton are a biologically diverse and abundant group of 
photosynthetic microbes found widely distributed throughout the global oceans.  This 
broad grouping based on ecological function and taxonomic size includes both eukaryotic 
and prokaryotic organisms that range in size from just under 1.0µm to >100µm.  On a 
large scale, phytoplankton may contribute up to half of global primary production 
through photosynthesis (Li 1994; Field et al. 1998).  Their role is one of both primary 
producer and biological regulator of global biogeochemical cycles (Falkowski et al. 
2008).  These organisms contribute between 80-90% to available annual carbon biomass 
(Stockner 1988).  Within the phytoplankton functional groups, picophytoplankton 
(ranging in size from 0.2 to 2µm), are numerically dominant and typically found in 
abundances of up to 10
6
 cells per mL (Partensky, et al.1999).  Picoplankton assemblages 
are comprised of the 0.2 to 2.0 µm size fraction, which includes the smallest autotrophic 
eukaryotic phytoplankton, and prokaryotic phytoplankton (cyanobacteria), and 
heterotrophic bacteria. 
 Marine cyanobacteria are dominated by two unicellular genera; Prochlorococcus 
sp. and Synechococcus sp..  Prochlorococcus, is a small autotroph that ranges in size 
from 0.5 - 0.8 µm, and contains divinyl chlorophyll a and b pigments (Partensky et al. 
1999) (Chisholm et al. 1992).  Prochlorococcus is responsible for up to 25% or more of 
seasonal primary productivity in the Sargasso Sea (Goericke et al 1993).  Coexisting with 
Prochlorococcus, is the slightly larger (0.8 - 2.2 µm), coccoid shaped cyanobacteria, 
Synechococcus that contains additional chlorophyll a and the additional photosynthetic 
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pigments called phycobiliproteins.  After the seminal discovery and confirmation of 
Prochlorococcus by (Johnson and Sieburth 1979; Chisholm et al. 1988) and 
Synechococcus by (Waterbury et al. 1979), further analysis using flow cytometry 
revealed varying concentrations of chlorophyll and DNA within natural populations of 
Prochlorococcus cells from different depths and light levels which led to the proposal 
that different strains of picophytoplankton are differentially adapted to light levels 
(Campbell and Vaulot 1993).  Physiological studies by (Moore et al,1998) confirmed the 
presence of specific light adapted strains, and additional studies (Goericke et al, 2000; 
Palenik 1994; Ting et al. 2002) have addressed more specific mechanisms that contribute 
to their vertical distribution.  Using molecular tools such as 16S-23S rRNA internal 
transcribed spacer sequencing methods to distinguish between genetically distinct strains, 
ecotypes have been identified for both Prochlorococcus and Synechococcus populations 
by (Martiny et al. 2008; Ahlgren et al. 2006; Rocap et al. 2002). 
 In addition to autotrophic picoplankton, heterotrophic bacteria are found in  
high abundance within the picoplankton (up to 10
6
 cells ml
-1
), and appear to be widely 
distributed throughout the global oceans (Li 1998).  This fraction of marine microbes is 
responsible for the decomposition of marine organic matter produced by the primary 
production of marine autotrophs is a integral component within the microbial loop 
(Kirchman et al. 1995).  Heterotrophic bacteria rely upon the production of dissolved 
organic matter (DOM) to generate biomass.  A strong relationship between heterotrophic 
bacteria and primary production biomass has been found in addition to the relationship 
with temperature (Kirchman et al. 1995).
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Biogeography of marine picoplankton 
 The study of marine microbial biogeography aims to extract the biological and 
physical factors controlling the presence or absence of micro-organisms by measuring 
their abundance and distribution across horizontal latitude and vertical depth (Dolan 
2005).  Aquatic microbes are distributed on large spatial scales across different oceanic 
regions and merely sampling their abundance may not reveal enough information to 
determine whether environmental parameters such as temperature and salinity influence 
their location.  Environmental parameters such as available nutrients and seasonal 
temperature fluctuations may be controlling factors in the distribution of marine 
picoplankton (Barnes and Hughes 1999).  The existence of unique ecotypes within 
distinct regions suggests there are regional and global differences in community structure 
as a result of their biogeography (Campbell and Vaulot 1994; Pommier et al. 2005).  
Picophytoplankton possess the ability to respond to varying light levels, suggesting that 
their distribution and abundance may be controlled by the unique chemical and physical 
signatures of distinct geographical regions as well as other parameters such as available 
nutrients and temperature (Zinser et al. 2007; Moore et al. 1995; Johnson et al. 2006). 
 Global distribution patterns of cyanobacterial populations vary, but they are 
typically found in greatest abundance within oligotrophic, subtropical warmer waters 
above 15 C.  Prochlorococcus sp are greatest at latitudes between 40 N and 40 S 
(Partensky et al. 1999; Chisholm et al. 1988) while Synechococcus populations have been 
found at temperatures ranging from 6-8 ºC (Partensky et al. 1999), resulting in 
Synechococcus populations extending beyond the range of Prochlorococcus into cooler 
and more nutrient rich, mesotrophic coastal waters (Zwirglmaier et al. 2008).  However 
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recent work shows that Prochlorococcus occur as far as 60ºN in the North Atlantic and 
45ºS towards the Falkland Islands and that the wider Synechococcus distribution reflects 
the existence of unique cyanobacterial ecotypes relative to their biome (Johnson et al. 
2006). 
 The discovery of both high light (HL) and low light (LL) adapted strains of 
Prochlorococcus sp. supports the idea that environmental parameters exert an adaptive 
force on their distribution (Moore et al. 1995).  Low light adapted Prochlorococcus has 
been found consistently at depths of >80m, while HL adapted strains occur in surface 
waters (West et al. 2001).  The distribution and abundance of Prochlorococcus ecotypes 
along a transect study indicates that under well-stratified ocean conditions, HL 
Prochlorococcus ecotypes dominated the surface waters at temperatures between 15 and 
25 ºC and that less dominant LL ecotypes were distributed lower in the water column 
(Johnson et al. 2006).  The overall dominance of high light adapted Prochlorococcus 
within the picophytoplankton community biomass illustrates the importance of 
considering specific ecotypes in the analysis of biogeographical distribution (Rocap et al. 
2002). 
Patagonia Large Marine Ecosystem 
 The continental shelf region located in the Southwestern Atlantic Ocean 
encompasses an area of nearly 1.2 million km
2
 and extends from the Southeast Brazilian 
Coast to Tierra del Fuego and includes the outflow of the Rio de la Plata River (La Plata), 
and the Malvinas/Falkland Islands.  This region is classified as a Large Marine 
Ecosystem (LME) (Heileman 2009), and is characterized by distinct shelf-break fronts 
(Saraceno et al. 2004; Muelbert et al. 2008; Belkin et al. 2009), and seasonal temperature 
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and salinity features (Carreto 1995; Acha 2004; Signorini et al. 2006).  The Patagonian 
Large Marine Ecosystem (PLME) sustains a rich diversity of marine life, and is a 
globally significant commercial fishing area; comprising 90% of the world’s annual 
fisheries yield (Watson et al. 2003).  During Austral spring and summer, the PLME also 
experiences annual phytoplankton blooms of calcite producing coccolithophorids that 
occur off the coastal shelf region.  Seasonal bloom formations influence the 
biogeochemistry of this region and play an important role in the air-sea flux of carbon 
dioxide, acting as a sink for atmospheric CO2 due to photosynthesis (Brown 1997; 
Bianchi et al. 2005; Garcia et al. 2008). 
 The combined effects of oceanographic conditions (due to current circulation and 
wind patterns) as well as terrestrial input and upwelling of nutrients drive the productivity 
in the region north of 40 S (Carreto et al. 2008).  Below 40 S, phytoplankton 
productivity is driven by delivery of nutrients and water column stability from the 
Malvinas/Falkland Current (Garcia et al. 2008).  Previous studies have focused on the 
Rio de la Plata front and coastal conditions in lower latitudes (above 40 S) and did not 
survey the extent of the frontal features along the shelf-break (Carreto 1995; Carreto et al. 
2008).  In general, previous work shows that the physical properties of this area such as 
temperature are variable on inter annual scales (Rivas 2006; Rivas 2010).  Seasonal 
physical and chemical processes such as upwelling, turbulence and nutrients control the 
chlorophyll and productivity of this area (Romero et al. 2006; Braga et al. 2008; Carreto 
et al. 2008).  Studies to discriminate the phytoplankton assemblages and quantify rates of 
production in this region have shown that the PLME is dominated by dinoflagellates, 
coccolithophorids, diatoms and cyanophytes, and that distinct phytoplankton assemblages 
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are present within different regions of the PLME (Carreto et al. 2008; Heileman 2009).  
Although the physical oceanography has been well characterized, the biological 
community with respect to the change in phytoplankton biomass on a seasonal scale has 
not been well studied particularly in the shelf region (Huret et al. 2005).  The contribution 
of heterotrophic bacterial abundance to the phytoplankton community during austral 
summer blooms has not been well characterized which presents a potential under-
estimation of the biological productivity within this region.   
 To explore the biogeography of Prochlorococcus and other picoplankton, the 
Moore laboratory was invited to participate on an oceanographic cruise to the Patagonian 
shelf-break during austral summer.  Our study was primarily conducted to measure the 
contribution of marine picoplankton to the total phytoplankton in this particular region.  
In my thesis, I present a systematic analysis of picoplankton population abundance and 
distribution patterns relative to spatial scales and measured environmental conditions 
within the hydrographic features of the PLME.  My thesis work aims to correlate 
quantified picoplankton abundance with physico-chemical data to determine which 
environmental factors may influence picoplankton population distributions.  This data 
will be used to characterize the distribution patterns of marine picoplankton across the 
shelf-break region and to provide further resolution about the latitudinal extent of 
Prochlorocococcus and Synechococcus.  The results of my work are intended to 
contribute reference information about the picoplankton community to an already 
existing data set for the southwest Atlantic Ocean which can be used by other researchers 
to confirm seasonal parameters for model development.
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MATERIALS AND METHODS 
Sample collection  
 Samples were collected from December 5 to December 21, 2008 during the 
COPAS08 cruise along a latitudinal transect beginning with Station 5 (38 7.9’S, -
54 14.2’W) departing from Montevideo, Uruguay and ending with Station 120 (52  
29.9’S - 054 48.6’W east of the Falklands) arriving in Punta Arenas, Chile (Figure 1).  
Three representative transects labeled A,B, and C were sampled to quantify picoplankton 
populations along distinct hydrographic features (Figure 1).  Transect A, which includes 
stations 5,7,8,9, and 10, is highly influenced by seasonal variation in temperature and 
nutrients from the coastal Plata estuary and deeper ocean waters.  Transect B 
encompasses stations 10,12,15,16,17,18 and 20 and crosses the deeper oligotrophic 
waters of transect A into the shallow, higher salinity shelf waters westward and 
southward.  Transect C is comprised of stations 28, 30, 32, 54, and 56 and includes the 
easternmost portion of a bloom feature at station 28 and is also within the northern 
flowing Malvinas/Falkland waters. 
 Seawater was collected from CTD casts using 30 liter niskin sampling bottles 
equipped with a light meter profiler and attached SeaTech Fluorometer.  Vertical profiles 
of temperature, salinity, dissolved oxygen and chlorophyll fluorescence were obtained for 
each sampling station using a vertical CTD.  Analysis of dissolved nutrients including 
nitrate, nitrite, ammonia, phosphate (PO4). silicate and discrete oxygen sampling was 
conducted by the Scripps Institute of Oceanography shipboard technical support (Balch 
2009).  For the purpose of data analysis, total dissolved inorganic nitrogen (DIN) was 
used as the summation of the three inorganic nitrogen concentrations.  Water column 
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properties were obtained through mounted flow-through instrumentation as well as 
discrete shipboard sampling.  Chlorophyll samples were processed by the Balch 
laboratory and provided for collaborative analysis.  To quantify the picophytoplankton 
communities during the COPAS08 cruise, water was collected from 27 stations at 
between 4 and 6 depths, which included samples within the surface mixed layer, from the 
chlorophyll max (if present) and below the chlorophyll max but still within the photic 
zone.   
 Duplicate 1ml aliquots were taken at each sampling depth and preserved with 5µl 
of 0.125% glutaraldehyde following a standard preservation method described by (Vaulot 
et al.1989).  In brief, samples were inverted to incorporate the preservative into the 
sample and allowed to incubate in darkness for 10 minutes.  Following this time period, 
the samples were immediately placed into liquid nitrogen for storage until analysis.  
Samples for flow cytometry (FCM) analysis were transferred from liquid nitrogen to a 
storage freezer at -70 C in order to process within one year of collection. 
 FCM analysis was performed using a Becton Dickinson FACSCalibur flow 
cytometer equipped with a 488nm Argon laser.  An initial flow rate was calculated for 
each run using pre-weighed tubes containing 1ml of high quality filtered water.  The flow 
cytometer ran for 10minutes on low setting at the beginning, mid-way and end point of a 
sample run.  The flow rate for each run was calculated using an average of the three 
samples.  Typical settings for unstained samples were set on forward scatter (FSC = 
E01), side scatter (SSC = 380), green fluorescence FL1=450, orange fluorescence 
FL2=450 and red fluorescence FL3=500-550 with the laser set to trigger on green 
fluorescence (FL3) commonly present in autotrophic organisms, with a threshold setting 
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between 50- 100.  Settings were adjusted based on the sample depth and population 
signature.  For samples at surface depths where chlorophyll concentrations were lower, 
the threshold was lowered to < 52 to reduce the possibility of events being excluded.  At 
greater depths, the threshold was raised to 50-100 in order to exclude additional noise 
events in the flow cytometric signal.  Samples for determination of autotrophic 
picoplankton were run between 10 and 20 minutes (or 20,000 events) on average to 
achieve a representative sample of the populations and ensure that settings were 
consistent throughout the run.  Reference standardized bead samples of 0.57µm and 
2.0µm sizes were run with each sample to ensure proper instrument functioning and to 
provide a relative indication of population sizes. 
 The bulk heterotrophic picoplankton population at each corresponding depth was 
quantified using a modification of methods described by (Marie et al. 1997) and 
subsequent consultation with methods used by Dr. Lisa Moore as well as Dr. Nicole 
Poulton, J. J. MacIsaac Facility for Aquatic Cytometry, Boothbay Harbor, Maine.  
Briefly, samples were prepared for FCM analysis by removal from frozen storage and 
placement in a 34 C water bath for approximately 10 minutes.  Upon thawing, each 
sample was briefly vortexed and stained with Sybr Green nucleic acid stain; (Molecular 
Probes, Invitrogen, Carlsbad, CA ) and incubated for 1hr in the dark with a final 
concentration of 5X.  Triplicate, sterile, 0.2 µm filtered seawater blanks were also stained 
with SG as a control to check for non-specific staining.  Flow cytometer settings were 
adjusted to FSC = E01, SSC = 400, FL1=400, FL2=450 and FL3=650 with the laser set 
to trigger on FL1 green with a standard threshold setting of 100, in order to collect all 
SG-stained cells within the size range of our analyses. 
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Data analysis 
Data files from the BD FACSCalibur were obtained and processed using the 
freely available CYTOWIN software.  Flow cytometry methods described by (Marie et 
al. 1999; Marie et al. 2005) were used to quantify populations of interest within the 
picoplankton size range (Figure 2A).  Picoeukaryotes exhibit a distinct flow cytometric 
signal due to their higher FL3 signal originating from chlorophyll a content as well as 
their overall greater size >2µm - 10µm, reflected in the higher SSC.  When excited with 
blue laser light at the 488nm wavelength, the divinyl chlorophyll a in Prochlorococcus 
emits light measured by FL3 using FCM.  Synechococcus fluoresce red due to their chl a 
content, but also emit an orange fluorescence due to their additional accessory pigments 
called phycobiliproteins.  Prochlorococcus emit with a lower FL3 than Synechococcus, 
due to their lower chlorophyll to cellular content (Moore et al. 1995) and are thus 
delineated from the higher Synechococcus population.   
Heterotrophic bacteria were quantified as a bulk population (total stained 
populations subtracted from the total picoplankton) shown in (Figure 2C).  Data obtained 
from a CYTOWIN output file containing raw FCM cell counts was transformed to a cell 
per volume basis and depth-integrated cell abundance was calculated at depths that 
ranged from surface to depths no greater than 200m.  Depth-integrated populations 
reflected abundances that were unique to each station along the COPAS08 transect rather 
than at a uniform depth, however on average this calculation assumes a population 
decrease of 10-fold between upper surface and deeper abundance. 
An oceanographic data analysis software program called Ocean Data View - 
ODV; (Schlitzer 2010) was used to plot and analyze spatial distribution patterns of depth-
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integrated picoplankton abundance, vertical profiles and create countour overlays such as 
temperature, oxygen and nutrients.  Picoplankton population distributions were analyzed 
using two dimensional and vertical spatial plots across latitudinal transects. 
Picoplankton abundance was correlated with environmental variables using 
Pearson correlation to obtain a correlation coefficient.  Linear regression analysis was 
conducted using Microsoft Excel Data Analysis Tookpak and SYSTAT (version 12.0).  
Relationships between the picoplankton populations and physico-chemical parameters 
were evaluated based on the strength of the regression coefficient and whether or not the 
correlation was negative or positive.   
RESULTS 
Description of the PLME during COPAS08 
 Five regions encompassing distinct hydrographic features were defined by their 
distinct T/S properties for the PLME at the time of the COPAS08 cruise (Figure 3, Table 
1).  These features correspond to the various currents found in the PLME and are 
consistent with other observations for this region (Bianchi et al. 2005).  Region 1 defined 
as the Malvinas/Falkland current, flows northward along the shelf-break line and has a 
narrow salinity range from 33.8-34 PSU.  Region 2 is dominated by the southern flowing 
Brazil Current waters of highest surface temperatures and salinity, and the lowest DIN 
and PO4.  Both the Malvinas/Falkland and Brazil currents have the widest range of 
measured silicate ranging up to 14.23µM which is likely due to terrestrial input of 
sediments from the coastal Rio de la Plata estuary (Braga et al. 2008).  Region 3 receives 
cold, SubAntarctic Shelf Water from a northward flowing current originating from the 
ACC (Antarctic Circumpolar Current), and is characterized by both cooler temperatures 
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and lower silicate.  Region 4 has lower DIN concentrations than the other shelf waters.  
Region 5 within the shallower, continental shelf water is described as a High Salinity 
Shelf Water with temperatures that range from 5.85-12.45 C (Table 1).  The current in 
this region extends northward flowing to 45 S separate from the influence of the 
Malvinas/Falkland current. 
 During the COPAS08 cruise several mixed phytoplankton blooms occurred.  At 
early stations between 1 and 5, a mixed bloom formation consisting of dinoflagellates and 
flagellates was present within the Malvinas/Falkland Current waters extending above 
40 S.  Satellite imagery confirmed daily ship measurements that showed a northward 
movement of an extensive coccolithophore bloom feature that was first observed at 
stations 15 (Balch 2009) through 18 along the shelf-break from 42.269 S, 56.447 W to 
43.918 S, 59.486 W, and is depicted as areas of high chlorophyll a (Figure 4).  Also 
observed within this coccolithophore bloom were high abundances of mucous net feeders 
(salps) which are typical of upwelling regions where the upper mixed layer within a shelf 
region is well stratified and dominated by larger net and nano-sized phytoplankton (Hill 
1962).  At approximately stations 64 through 70 north of the Falklands, a dinoflagellate 
bloom occurred consisting of Prorocentrum minimum (Figure 4) and identified by (Balch 
2009). 
Picoplankton distribution and abundance 
 Picoplankton populations varied with latitude and across hydrographic features 
but in general cyanobacterial abundance dominated the measured picophytoplankton 
populations with maximum concentrations of 3.47x10
5
 cells ml
-1
 for Synechococcus and 
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1.13x10
5
 cells ml
-1
 Prochlorococcus at station 10 within the deeper, oligotrophic Region 
2 waters of the Brazilian Current at stations 7,8,9,10 as well as in the deep waters of 
the shelf-break into the Malvinas/Falkland current of Region 1 at stations 28,30,32 and 
54 (Figure 5, Table 2).  Stations outside of region 2 had lower overall cyanobacteria 
populations except within the low salinity shelf waters of region 5 where cyanobacteria 
was greater than picoeukaryotic abundance.  A bulk picoeukaryotic population consisting 
of several subpopulations at times was dominant across the shelf-break feature at stations 
15,16,17,18, 24, 34, 38, and within the Malvinas/Falkland current at 44,47,50,56,58 and 
at station 76 within the SubAntarctic waters of region 3.  Picoeukaryotes were also 
dominant at higher latitudes above 50 S at stations 82,84 and 120, north and east of the 
Falklands.  A notable exception in the northern part of the PLME is station 5 where 
picoeukaryotes were in higher abundance, likely due to nutrient influences of the Rio de 
la Plata (5B and Table 2). 
 Across all stations, heterotrophic bacterial abundance was 1 to 2 orders of 
magnitude higher than autotrophic total picoplankton abundance (sum of cyanobacteria 
and piceukaryotic populations) (Figure 5C).  Heterotrophic bacteria abundance was 
highest in regions that corresponded to greater cyanobacterial abundance at stations 7,8,9, 
and 10 within region 2,and stations 20,28,38,44 and 47 within the high salinity shelf 
waters of Region 5.  When cell abundance of cyanobacteria was plotted as a function of 
heterotrophic bacteria, a strong linear correlation was observed; when total 
picophytoplankton were plotted against heterotrophic bacteria, there was still a positive, 
though not as strong of a correlation (Figure 6, Table 3). 
Analysis of picoplankton across shelf break features 
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 Transect A extends along an easterly line between 38.133 S, 54.066 W to 
39.400 S, 51.417 W and crosses two distinct hydrographic features 2 and 1 (Figure 3).  
Vertical profiles along transect A clearly show that cyanobacteria were most abundant 
throughout the depths at stations 7-10 (Figure 7A) which reflected the warmer waters 
(17-18 C) of the Brazilian current (Figure 8A).  The cyanobacterial populations at these 
stations consisted of both Synechococcus and Prochlorococcus.  The highest abundance 
was observed at station 10, depth 19m, and was due primarily to Prochlorococcus.  
Picoeukaryote abundance was highest at station 5 in transect A at 16m depth (Figure 7B) 
associated with higher DIN and PO4 (Figure 8A-C), however this did not coincide with 
the chlorophyll a maximum which occurred below this at 28m (Figure 8D).  
Heterotrophic bacteria were abundant throughout all stations and reached maximum 
concentrations at station 5, 28m depth and station 10, 19m depth (Figure 7C). 
 Transect B crosses three hydrographic features extending from station 10 just 
above 40 S within region 2, across the shelf-break of region 1 and onto the continental 
shelf of region 5 and at higher latitude of 45.001 S (Figure 3).  Vertical profiles across 
transect B reflect an overall lower abundance of cyanobacteria in contrast to the high cell 
numbers of transect A (Figure 9A).  This lower abundance was particularly apparent at 
stations 15-18, corresponding to the transition across the Patagonia shelf-break (Figure 1) 
and the cooler waters of the Malvinas/Falkland current (Figure 3).  At station 20, the 
cyanobacteria abundance dramatically increased within the upper 25m (Figure 9A), 
concurrent with a sharp stratification with higher surface temperatures and lower DIN 
and PO4 (Figure 10A-C).  Picoeukaryote abundance showed an opposite trend to that of 
the cyanobacteria, with highest contribution to the total picophytoplankton community 
15 
 
observed at the stations (15-18), which marked the first stations within the 
coccolithophore bloom features (Figure 9B).  The higher abundance of these populations 
indicates that delivery of nutrients through deep water upwelling onto the shelf-break 
may be the primary reason for higher picoeukaryotic abundance.  This is supported at the 
shelf break by a thermocline and higher concentration of DIN and PO4 (Figure 10A-C) 
Although these stations are where the picoeukaryotic phytoplankton are most abundant, 
their abundance is still low and is reflected by lower chlorophyll concentrations (Figure 
10D).  Across transect B, heterotrophic bacteria abundance was lower at the shelf-break 
stations between 15 and 17 (Figure 9C). 
 Transect C illustrates a set of stations that follow a southern line directly from 
45 S to 49 S within the influence of the Malvinas/Falkland current waters and crossing 
the Patagonia Shelf break (Figure 1 and 3).  The cyanobacterial population along this 
transect is entirely comprised of Synechococcus cells and is most abundant at stations 32 
- 54, within the deepest waters off the shelf break (Figure 1).  Picoeukaryote abundance 
was one order of magnitude lower than cyanobacteria abundance, except at station 56 
where this trend was reversed due to the decrease in Synechococcus abundance (Figure 
11A).  This station corresponds to shallower shelf break (Figure 1) and to lower 
temperatures and higher DIN and PO4 similar to that seen along transect A.  In parallel 
with the cyanobacterial populations, the heterotrophic bacteria population was highest at 
station 28 and was sharply reduced at station 56 (Figure 11C). 
Physico-chemical parameters measured during COPAS08 
 The picoplankton community showed distinct correlations with the physico-
chemical parameters which were reflective of Austral summer conditions that have been 
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well characterized in other studies by (Braga et al. 2008; Carreto 1995; Carreto et al. 
2008; Signorini et al. 2006).  The influence of temperature on the distribution and 
abundance of picoplankton showed a strong linear correlation between temperature and 
cyanobacteria whereas there was a much weaker, though statistically significant 
relationship for picoeukaryotes and heterotrophic bacteria (Figure 12A, Table 3).  The 
strong correlation of cyanobacteria abundance with temperature may reflect a relationship 
to the hydrographic regions, most clearly within the Malvinas/Falkland current where 
temperatures ranged from ~12 C at 42.3S (station 15) to ~7 C at 52.5S (station 120) 
(Figure 13).  With respect to nutrients, cyanobacteria and heterotrophic abundance have a 
significant negative relationship with DIN, however, no relationship between 
picoeukaryote abundance (r
2
=0.0831) and DIN was observed (Figure 14A, Table 3). 
 Measured bulk chlorophyll a concentrations across each transect and along the 
COPAS08 cruise track were also patchy and corresponded to the hydrographic features.  
Within the coccolithophore bloom at stations 15 through 24, picoplankton populations 
were not a substantial portion of the measured chlorophyll a (Figure 15A-C).  The high 
concentrations of chlorophyll measured in-situ and remotely suggests that the chlorophyll 
maximum was a result of the high abundance of coccolithophores and other larger 
eukaryotic phytoplankton such as dinoflagellates.  Our flow cytometry analysis did not 
distinguish between picoeukaryotic sub-populations, however a comparison of measured 
bulk chlorophyll a concentration and FL3 chlorophyll based fluorescence due to the 
different picoplankton populations shows that the picophytoplankton signal (comprised 
of cyanobacteria and picoeukaryotes) does not correspond to the chlorophyll maximum at 
depth (Figure 15B,C). 
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DISCUSSION 
 Picoplankton abundance and distribution within the Patagonian shelf is variable 
resulting from the hydrographic and physico-chemical properties that occur during 
Austral summer.  These variations in picoplankton abundance were particularly apparent 
within a subset of transects illustrating that spatial distribution patterns closely match the 
hydrographic and bathymetric features of the shelf-break with the corresponding nutrient 
dynamics.  Our results show a picophytoplankton community dominated by 
cyanobacteria associated with the Brazilian current and the high salinity shelf waters.  
Although our flow cytometric analysis could not distinguish between different ecotypes 
of Prochlorococcus and Synechococcus, it is interesting to speculate about the possible 
cyanobacterial ecotypes.  In the Brazilian current, the observed differences in distribution 
at depth within the cyanobacterial populations may be indicative of specific light adapted 
ecotypes (Goericke and Welschmeyer 1993; Moore et al. 1995; Garczarek et al. 2007; 
Bouman et al. 2008).  The dominance of cyanobacteria within the Brazilian waters was 
above 55m (Table 1, stations 7-10) suggesting that a higher light adapted strain was 
present.  These results are similar to a study that found cyanobacteria distributed between 
60 and 80m depth in high abundance (Carreto et al. 2008) and at higher latitudes 
(Johnson et al. 2006).  The spatial distribution patterns within regions are reflective of 
previously established biogeography especially with respect to Prochlorococcus and 
Synechococcus where cyanobacterial populations were abundant in lower nutrient, 
oligotrophic waters and Prochlorococcus ecotypes tended to be found above 40 S 
latitudes (Johnson et al. 2006; Zwirglmaier et al. 2008).  Synechococcus populations were 
measured at all stations; however it is possible that deep water stations may have 
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different phylotypes than shelf-water stations reflecting unique biogeography patterns 
(Zwirglmaier et al. 2008). 
 Populations of picoeukaryotes dominated across the shelf-break regions 
throughout the Falkland/Malvinas current.  This is consistent with other studies that have 
measured mixed populations of coccoid and small flagellates (Brown 1997; Carreto et al. 
2008).  The influence of seasonal temperature change across the shelf-break is most 
pronounced during austral summer and autumn when surface mixed layer depths are 
much shallower and can range between 40 and 18m (Garcia et al. 2008).  The timing of 
our cruise study coincided with a coccolithophore bloom formation that intensified 
during the month of December as the ship headed further southwards (Balch 2009).   
The preceding bloom that occurred may have enhanced the growth of specific 
phytoplankton populations and also had a resulting influence on the dominant 
picoplankton populations that were measured, though not identified, in our flow 
cytometric analysis. 
 The strong correlation between cyanobacteria abundance and temperature across 
latitude and within regions suggests that annual production of picophytoplankton biomass 
may be controlled by temperature, development of a seasonal thermocline and subsequent 
stratification along the shelf-break and shallower shelf waters which is consistent with the 
results of previous work in this region by (Rivas et al. 2006; Signorini et al. 2006) and in 
other regions of the world where the establishment of a cross-shelf gradient enhances the 
abundance of phytoplankton due to nutrient upwelling (Stenseth et al. 2006).  However 
temperature is not the only parameter, nutrients also play a role in determining the 
vertical and latitudinal distribution.  The complex water masses within the shelf-break 
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form thermohaline fronts as a result of their convergence (Belkin et al. 2009; Muelbert et 
al. 2008; Rivas 2006; Saraceno et al. 2004).  As the cooler, northward flowing 
Malvinas/Falkland current water mixes with the shelf waters, patches of phytoplankton 
production occur based on the availability of nutrients within these waters (Carreto 
1995).  Our picophytoplankton data are consistent with the idea that phytoplankton 
composition is regulated by nutrients that are delivered to surface through physical 
upwelling and wind-driven mixing (Carreto 1995; Falkowski and Oliver 2007; Braga et 
al. 2008).  The most apparent evidence of upwelling was seen within transects B and C 
that crossed the deeper regions onto the shelf-break where higher concentrations of DIN 
and PO4 were observed at shallower depths.  Higher phosphate was measured at greater 
depths and just at the edge of the continental shelf along transect A which implies that the 
delivery of nutrients to the photic zone may be primarily controlled by upwelling. 
 Cyanobacteria revealed the most obvious relationship to nutrients showing higher 
measured cell abundances at lower concentrations of total dissolved nitrogen within 
upper surface waters.  The highest concentration of nitrogen (21.73µM), which is below 
the previously measured concentration of ~33µM during summer conditions (Braga et al. 
2008), suggests that nutrients may have contributed to an earlier spring crop of 
phytoplankton which in turn resulted in a high abundance of heterotrophic bacteria across 
all regions.  The typical progression of seasonal phytoplankton dynamics from a spring 
diatom bloom to a flagellate and coccoid assemblage would provide a consistent supply 
of dissolved organic matter for the heterotrophic fraction (Carreto et al. 2008).  Depletion 
of surface nutrients after a spring bloom is consistent with our observations of dominant 
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picoplankton and cyanobacterial populations that are typically more abundant in lower 
nutrient conditions (Martin 2005). 
 The consistently high abundance of heterotrophic bacteria biomass is clearly 
related to the phytoplankton.  In oligotrophic open ocean systems, a higher abundance of 
heterotrophic biomass relative to autotrophic biomass observed in the PLME can be 
attributed to the rate of primary production and recycling of organic matter from primary 
production (Azam et al. 1983; Gasol et al. 1997).  In contrast, in coastal ecosystems high 
algal biomass may be directly exported out of the microbial loop resulting in a lower 
heterotrophic biomass (Gasol et al. 1997).  Our results show a relationship between 
autotrophic and heterotrophic abundance suggesting that the Patagonian shelf region 
exhibits a characteristic open ocean system across some regions.  This ratio of 
autotrophic to heterotrophic abundance provides a relative indication of productivity 
supplied to upper trophic levels as well as overall biomass (Gasol et al. 1997). 
 The spatial variability of marine picoplankton observed within the Patagonian 
shelf may also be a function of sampling resolution.  In studies conducted across larger 
spatial scales, the influence of regional features such as salinity and temperature is largely 
unknown (Martin et al. 2005; Martin et al. 2008).  When sampling at higher resolution on 
a smaller scale, the data more accurately reflects the unique biogeochemistry of the 
region.  Our results reflect changes in the picoplankton community across estuarine, 
oligotrophic and continental shelf-break features and within bloom formations.  This 
provides a baseline indication of picoplankton populations which is a significant 
contribution to a larger effort to understand the biological community within the PLME. 
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Figure 1.  COPAS08 cruise track map showing numbered stations sampled for our 
picoplankton analyses.  Bathymetry from the global ocean database provided with ODV 
is indicated in meters as a vertical secondary y-axis color bar scale (Schlitzer 2010).  
Arrows and letters indicate transects (labeled along increasing latitude) that cross distinct 
regions that were examined for horizontal and vertical spatial patterns.  
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Figure 2.  Flow cytometric signatures from station 10 (39.400 S, 51.417 W), 6m depth.  (A) Representative unstained samples 
showing distinct Synechococcus detected by orange fluorescence (FL2) and Prochlorococcus populations in red fluorescence (FL3).  
(B) bulk picoeukaryote signature delineated by their chlorophyll red fluorescence emission on the FL3 channel versus SSC (side 
scatter).  (C)  Sybr Green stained heterotrophic bacteria seen as a green fluorescent stained population FL1 versus SSC.  (D)  
Heterotrophic bacteria delineated from noise in blue shown by using green fluorescence FL1 versus FL3 red fluorescence.
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Figure 3.  Hydrographic features of the PLME based on T/S signatures (S. Painter, 
University of Southampton, UK., personal communication).  Colored squares highlight 5 
regions Malvinas/Falklands current (1), Brazil current (2), SubAntarctic waters (3), Low 
Salinity shelf (4), Low Salinity Shelf (5) High Salinity Shelf.  Colored circles reflect the 
dominant picophytoplankton populations with blue as cyanobacteria (sum of measured 
Prochlorococcus and Synechococcus) and red as bulk picoeukaryotes.  At stations 38 and 
16, population abundance was relatively equal and is indicated by both colored circles
Cyanobacteria 
Picoeukaryotes 
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Figure 4.  A 1-month chorophyll a MODIS satellite composite image between Dec. 2008 
and January 2009 during the COPAS08 cruise.  Open circles indicate sampled stations 
along the cruise track.   Regions of high chlorophyll (mg/m
3
) are indicated by yellow to 
red coloration and lower regions are in turquoise to green.  Transects A, B, C are 
indicated by brackets.
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Figure 5.  Two dimensional spatial plots of depth-integrated picoplankton cell abundance (cells m
2
) within the upper 200m water 
column across latitude.  (A) cyanobacteria; (B) picoeukaryote; (C) heterotrophic bacteria.  Note the difference in scale of cells/m
2
 for 
each panel reflecting their difference in overall abundance throughout the PLME. 
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Figure 6.  Heterotrophic cell abundance as a function of autotrophic abundance in logged 
cells/ml.  Autotrophic abundance is the sum of cyanobacteria and picoeukaryotic 
abundance.  Ordinary least squares linear regression analysis resulted in a significant, 
positive correlation (coefficient = 12.004) between autotrophic and heterotrophic 
abundance (p<0.001)  
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Figure 7.  Depth profiles of cyanobacteria (A), picoeukaryotes (B) and heterotrophic 
bacteria (C) abundance along Transect A (stations 5, 7, 8, 9 and 10).  Color bar indicates 
cell abundance (cells ml
-1
).  Primary horizontal axis is latitude south from 38 S-39.5 S.  
Depth is indicated on the y-axis in meters.  White regions are shown where no data is 
available.
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Figure 8.  Physico-chemical parameters including for Transect A (stations 5,7,8,9 and 
10).  (A) Temperature; color scale in C, (B-D) Dissolved inorganic nitrogen, phosphate, 
color scale in concentration units of µmol/L; (D) chlorophyll a concentration; color scale 
in µg/L:  Primary horizontal axis is latitude south from 38 S- 39.5 S Depth is on the left 
hand x axis in meters.  White regions are shown where no data is available and stations 
are numbered above the temperature profile.  Note: no chlorophyll a data is available at 
station 10.
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Figure 9.  Depth profiles of cyanobacteria (A), picoeukaryotes (B) and heterotrophic 
bacteria (C) abundance along Transect B (stations 10, 12, 15, 16, 17, 18, and 20).  Color 
bar indicates cell abundance (cells ml
-1
).  Primary horizontal axis is latitude south from 
39.5 S-45.001 S.  Depth is indicated on the y-axis in meters.  White regions are shown 
where no data is available
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Figure 10.  Physico-chemical parameters for Transect B (stations 10, 12, 15, 16, 17, 18, 
and 20).  (A) Temperature; color scale in C, (B-D) Dissolved inorganic nitrogen, 
phosphate, color scale in concentration units of µmol/L; (D) chlorophyll a concentration; 
color scale in µg/L:  Primary horizontal axis is latitude south from 39.5 S-45.001 S  as 
indicated by the direction of the black arrow and small scale reference map.  Depth is on 
the left hand x axis in meters.  White regions are shown where no data is available and 
stations are numbered above the temperature profile.  Note: no chlorophyll a data is 
available at station 10
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Figure 11.  Depth profiles of cyanobacteria (A), picoeukaryotes (B) and heterotrophic 
bacteria (C) abundance along Transect C (stations 28,30,32,54 and 56).  Color bar 
indicates cell abundance (cells ml
-1
).  Primary horizontal axis is latitude south from 45 S-
49 S.  Depth is indicated on the y-axis in meters.  White regions are shown where no data 
is available 
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Figure 12.  Physico-chemical parameters for Transect C (stations 28, 30, 32, 54 and 56).  
(A) Temperature; color scale in C, (B-D) Dissolved inorganic nitrogen, phosphate, color 
scale in concentration units of µmol/L; (D) chlorophyll a concentration; color scale in 
µg/L:  Primary horizontal axis is latitude south from 45 S-49 S  as indicated by the 
direction of the black arrow and small scale reference map.  Depth is on the left hand x 
axis in meters.  Note: nutrient data is not available for station 28.
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Figure 13.  Picoplankton populations as a function of temperature.  (A) Cyanobacteria, picoeukaryote and heterotrophic bacteria 
abundances vs. temperature.  (B)  Illustrates the same cyanobacterial abundance data as (A) but with symbols corresponding to 
specific hydrographic regions, as indicated in Figure 3.  Note that no data in (B) falls within hydrographic region corresponding to 
Low Salinity Shelf water..
B. A. 
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Figure 14.  Picoplankton abundance as a function of dissolved inorganic nitrogen, 
DIN for all stations sampled during COPAS08.  
A. 
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Figure 12.  Profiles of picoplankton abundance (A), temperature and chlorophyll profiles (B), and estimated fluorescence (C) from 
flow cytometry at station 20 (45.001 S, 61.500 W) during COPAS08.  
B. A. C. 
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Table 1.  Range of measured physico-chemical parameters within Hydrographic regions.   
 
# Hydrographic Region Temperature Salinity
Total 
Nitrogen
Phosphate Silicate
°C PSU µM µM µM
1 Falklands/Malvinas Current 5.39-13.23 33.82-34.30 0.03-21.73 0-1.53 0-13.85
2 Brazil Current 9.39-18.91 28.69-35.79 0-11.67 0.19-0.93 0.33-14.23
3 SubAntarctic Shelf 6.65-11.53 33.82-33.98 4.3-17.88 0.48-1.29 0-2.65
4 Low Salinity Shelf 8.40-14.28 33.43-33.60 2.11-11.40 0.45-1.03 0.49-0.92
5 High Salinity Shelf 5.85-12.45 33.60-33.76 0.25-20.64 0.26-1.58 0.09-3.91
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Table 2.  Hydrographic features, physico-chemical ranges, maximum picophytoplankton cell abundance at depth from vertical profiles 
measured during the COPAS08 cruise.  Hydrographic features are as defined in Figure 3. 
--indicates uniform water column prperties over the depth range for each station 
*indicates stations where Prochlorococcus populations were measured 
Station Location
Hydrographic 
Feature
Salinity range 
[PSU]
Temp range 
[°C]
Depth 
range [m] 
Cyanobacteria 
[cells ml
-1
]
Depth of 
occurrence
Picoeukaryotes 
[cells ml
-1
]
Depth of 
occurrence
5 -38.133S, -54.066W 1 28.7-33.6 11.8-17.4 2-28 2.01x10
4 16 1.23x10
5 16
7* -38.484S, -53.267W 2 34.03-35.4 16.8-18.7 4-31.5 1.17x10
5 12.9 8.37x10
3 12.9
8* -38.770S, -52.633W 2 35.6-35.8 16.1-18.1 9-111 6.31x10
4 53 7.80x10
3 53
9* -39.050S, -52.007W 2 35.4-35.7 16.7-18.4 7-79 1.16x10
5 44 2.24x10
4 51
10* -39.400S, -51.417W 2 34.8-34.9 11.6-18.9 6-78 3.47x10
5 19 6.64x10
3 19
12 -40.602S, -53.426W 2 31.5-33.9 9.4-18.5 10-42 7.23x10
4 17 3.39x10
4 20
15 -42.269S, -56.447W 1 34.0-34.1 6.3-11.8 3-52 6.74x10
2 11.7 4.56x10
3 21.5
16 -42.810s, -57.472W 1 34.0-34.1 10.0-12.5 2.6-31.8 3.64x10
4 19.4 2.89x10
4 19.4
17 -43.373S, -58.460W 1 34.1-- 9.7-11.3 3.4-34.3 4.23x10
3 16.5 8.19x10
3 10
18 -43.918S, -59.486W 1 33.9-34.0 7.8-11.5 2.3-52.4 2.18x10
3 3.4 6.47x10
3 16.7
20 -45.001S, -61.500W 5 33.4-33.6 8.4-14.3 3.2-44 1.11x10
5 3.2 2.10x10
4 17.3
24 -44.998S, -59.705W 1 33.9-34.1 5.4-12.4 4.5-89.1 1.11x10
3 28.3 1.02x10
4 4.5
28 -45.000S, -57.000W 1 34.2-- 10.2-13.2 3.2-47.3 2.59x10
5 26.3 2.04x10
4 22.9
30 -45.621S, -56.999W 1 34.2-- 8.0-12.0 2.6-47.9 2.69x10
4 17.8 8.21x10
3 29.9
 
41 
 
Table 2.  (continued)  Hydrographic features, physico-chemical ranges, maximum picophytoplankton cell abundance at depth from 
vertical profiles measured during the COPAS08 cruise.  Hydrographic features are as defined in Figure 3. 
--indicates uniform water column prperties over the depth range for each station 
*indicates stations where Prochlorococcus populations were measured 
Station Location
Hydrographic 
Feature
Salinity range 
[PSU]
Temp range 
[°C]
Depth 
range [m] 
Cyanobacteria 
[cells ml
-1
]
Depth of 
occurrence
Picoeukaryotes 
[cells ml
-1
]
Depth of 
occurrence
32 -46.251S, -57.000W 1 34.1-34.2 8.0-12.2 4.6-44 1.64x10
5 10.6 1.35x10
4 10.6
34 -46.250S, -58.091W 1 34.1-- 8.4-11.1 2.2-28.1 6.00x10
3 25 1.08x10
4 19.6
38 -46.250S,-60.380W 5 33.62-33.76 5.85-12.01 2.1-63 4.44X10
3 25 4.19X10
3 35.9
44 -47.500S, -61.500W 5 33.6-- 7.5-12.4 2.8-46.1 2.63x10
3 35 1.60x10
4 35
47 -47.500S, -60.219W 1 33.8-34.0 6.3-11.2 2.6-60.9 6.24x10
3 23.7 1.44x10
4 10.3
50 -47.500S, -58.116W 1 34.1-- 5.7-11.5 3.9-29.4 3.58x10
3 3.9 6.94x10
3 29.4
54 -48.105S, -57.024W 1 34.1-34.3 7.3-11.2 4-53 9.26x10
4 4 1.20x10
4 4
56 -48.750S, -57.001W 1 34.0-34.1 5.6-9.8 4.8-101.7 2.32x10
3 43.8 1.60x10
4 43.8
58 -48.750S, -58.111W 1 34.0-- 7.1-10.6 2.1-51.4 1.03x10
3 29.7 1.36x10
4 11.9
76 -49.750S, -58.195W 3 33.8-33.9 6.7-9.9 3.7-46 7.00x10
2 30.7 9.01x10
3 3.7
82 -49.751S, -54.749W 1 34.0-- 6.6-9.0 3-66 9.72x10
2 41 1.12x10
4 21
84 -50.353S, -54.748W 1 34.0-34.1 5.9-8.7 6.2-86 1.00x10
2 6.2 6.50x10
3 6.2
120 -52.499S, -54.810W 1 34.1-- 6.2-6.8 6.2-58.4 4.87x10
1 23.9 2.05x10
3 23.9
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Table 3.  Summary statistics table listing the correlation between plotted variables (Y vs X), linear regression coefficient and p-
value reported as statistically significant if <0.05. 
 
Plot Correlation
 Regression 
coefficient
p-value
cyano vs temp 0.54 10.18 0.000
picoeuk vs temp 0.28 7.85 <0.000
heterobacteria vs temp 0.42 14.03 0.000
heterotrophic :autotrophic 0.61 12.00 0.000
cyano vs TDN -0.69 10.51 <0.000
picoeuk vs TDN 0.02 8.73 0.790
heterobacteria vs TDN -0.53 14.28 <0.000
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CHAPTER II 
 
 
THE EFFECT OF INCREASED CARBON DIOXIDE ON PICOPLANKTON 
POPULATIONS DURING ON DECK CARBOY INCUBATION EXPERIMENTS. 
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INTRODUCTION 
Background and criteria for conducting study 
 Rising levels of atmospheric CO2 and other greenhouse gases are influencing the 
earth’s climate system and have the potential to alter carbon cycling and productivity in 
the marine environment (Brierley and Kingsford; Solomon et al. 2007; Joint et al. 2009).  
Current levels of atmospheric CO2 are estimated at approximately 389 ppm based on 
2010 monthly measurements available from the NOAA Mauna Loa observatory (Tans 
2010).  It is predicted that ambient levels will continue rising and could exceed 500ppm 
by the middle of this century (Feely et al. 2008; Tans 2010).  Increasing concentrations of 
dissolved (aqueous) CO2 in seawater may lead to a decline in oceanic pH by at least 0.7 
units causing a relatively new phenomenon described as ocean acidification (Caldeira and 
Wickett 2003).  The consequence of increased CO2 on marine phytoplankton as a broad 
taxonomic group is not known.  It appears that acidification due to increased atmospheric 
CO2 could impact the ability of marine calcifying organisms, such as coccolithophores, 
foraminifera, and euthecosomatous pteropods to secrete calcareous skeletons and thus 
have the potential to alter their calcium carbonate assimilation (Orr et al. 2005; Fabry et 
al. 2008).  Pteropods have shown a decrease in calcification in response to increased CO2, 
whereas coccolithophores have shown increased rates of calcification and biomass with 
increased atmospheric CO2 (Iglesias-Rodriguez et al. 2008).  Despite these different 
response, changes in phytoplankton productivity have the potential to cause wide scale 
changes in trophic dynamics, in particular in the Southern Ocean (Bianchi et al. 2005).  
Therefore, it is reasonable to assume that a response to climate change factors may be 
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inevitable within the phytoplankton community and could have significant global 
implications. 
 The global oceans are an important sink for excess atmospheric CO2 and 
particularly in areas of high productivity such as continental shelf regions (Feely et al. 
2008).  The Patagonian shelf is a highly productive region, with an extensive continental 
shelf, that sustains Austral summer phytoplankton blooms of coccolithophores (Garcia et 
al. 2008).  Because of these features it is designated as a large marine ecosystem the 
Falkland Islands and surrounding ocean shelf have been identified as a potential site for a 
biological observation mooring to conduct monitoring of the changing ocean conditions 
(Feely et al. 2009).  In addition to recent efforts to establish a networked ocean observing 
system, experiments have been conducted to understand the impacts on specific 
organisms such as phytoplankton (Tortell et al. 2002; Iglesias-Rodriguez et al. 2008). 
 Estimating the picoplankton and larger phytoplankton community response to 
elevated CO2 or other climate change scenarios is a complex problem within the 
biogeochemical community.  There are many difficulties associated with experimental 
manipulation, and such climate studies require a standardized best practices experimental 
approach (Dickson 2007).  The microbial response of both autotrophic and heterotrophic 
organisms to ocean acidification, as a result of increased CO2 and decreased pH, is not 
currently known but it is an area of active research within the oceanography community 
(Joint et al. 2009).  Culture-based studies are an important method to determine the initial 
response of specific species such as in the case of marine phytoplankton.  The results of 
several CO2 perturbation studies show conflicting results; so it is unclear if increased 
levels of atmospheric CO2 will result in detrimental, direct harm to marine organisms 
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including phytoplankton.  Additionally, many studies have utilized a culture-based 
approach to isolate the response of specific strains or species rather than whole 
environmental samples with mixed phytoplankton assemblages with the exception of a 
study that observed similar response to elevated CO2 within mixed phytoplankton 
assemblages of the Equatorial Pacific (Tortell et al. 2002).  The coccolithophore Emiliana 
huxleyi has been well studied, yet the results show that this organism increased biomass 
on one hand and that the combined effects of elevated levels of CO2 compounded the 
effects of UV radiation (Iglesias-Rodriguez et al. 2008; Gao et al. 2009; Ries et al. 2009).  
In studies of marine cyanobacteria, Synechococcous show an increased growth rate at 
higher partial pressure (p CO2).levels of CO2; 780 and at temperatures of 20 and 24 C, 
whereas Prochlorococcus did not (Fu et al. 2007). 
 Further research is needed in order to understand how organisms physiologically 
cope or adapt to changing scenarios specifically within the marine phytoplankton 
community.  Although there have been laboratory and culture-based studies, the results 
do not accurately reflect the mixed phytoplankton assemblages found in the ocean.  As 
part of the larger COPAS08 cruise study to examine the recurrent coccolithophore bloom 
in the PLME, the Balch research team set up on-deck incubation studies of natural 
populations exposed to various elevated levels of pCO2.  The goals of this approach were 
to observe the response of the biological community to increased CO2 levels.  My 
primary contribution to the pCO2 on-deck incubation experiments during COPAS08 was 
to quantify the picoplankton fraction of the phytoplankton community within these 
studies.  Other investigators on COPAS08 were responsible for examining the larger 
phytoplankton, such as coccolithophores, using microscopy and the virus component  
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using DNA and RNA analysis (Balch 2009).  The combined experimental approaches 
used for the COPAS08 CO2 on-deck incubation study is unique from previous sutides 
because it closely simulates the environmental conditions and overall response of a mixed 
biological community to different scenarios of elevated CO2. 
METHODS 
 On-deck carboy incubation experiments were conducted during the COPAS08 
cruise by sampling water from outside and within a coccolithophore bloom feature.  A 
total of 360L was sampled for each experiment using a CTD rosette with vertically 
mounted 30L Niskin bottles.  Upon CTD recovery, seawater from each Niskin bottle 
was combined through a silicone tubing manifold and dispersed into 8, 20L 
polycarbonate carboys to ensure even mixing.  The volume in the remaining Niskin 
bottles was combined with a four-way silicone manifold tubing assembly and filtered 
using a 0.2µm filter to create a non-particle control carboy.  Filled carboys were placed in 
on deck seawater incubators with circulating ambient surface seawater and covered with 
a neutral density mesh screen to create a 58% reduction in total incident irradiance as 
described by (Balch 2009).  A gas manifold was connected to each carboy to deliver a 
CO2/air mixture at about 100 ml min
-1
.  Aeration within the carboys was achieved using 
an ―air-stone‖ and subsequent gas outflow was allowed to pass through a headspace in 
the carboy using a separate tube fitted with a 0.2µm filter to avoid atmospheric 
contamination.  Four different concentrations were prepared; 380 (present-day CO2), 500 
(projected increase), 750 and 1200 ppm (high CO2) and then circulated into replicate 
carboys.  The picoplankton response relative to the 380ppm CO2 carboys was examined 
at T0, 24 hr (T24) and 72 hr (T72) time points.   
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 The first experiment was conducted in replicate carboys with water taken from 
a surface depth of 3m at Station 5 located at 38.13 S, 54.06 W (outside the bloom).  The 
second experiment was started with surface water sampled from station 24 at -44.9 S, 
59.5 W (within a coccolithophore bloom).  Samples were preserved for FCM analysis 
using the same method described in Chapter I, and then placed in liquid nitrogen for 
shipment back to USM where they were kept at -70 C in storage until they were 
processed.  Samples for picoplankton abundance were quantified using a Becton 
Dickenson FACSCalibur flow cytometer with unstained settings of FSC=E01, SSC=380, 
FL1=400, FL2=450, FL3=500 and stained setting for heterotrophic bacteria enumeration 
set on FSC=E01, SSC=550, FLS=440, FLS=450 and FL3=650 with a threshold set at 
between 50 and 100 (as described in Chapter I). 
RESULTS  
 The picoplankton community that was present within these waters are described 
in greater detail in Chapter I.  The second CO2 carboy experiment started from water 
within a coccolithophore bloom (station 24), had picoeukaryotic abundances that were 
higher than the cyanobacteria abundance (Figure 1B).   Heterotrophic bacteria (HB) 
abundances at T0 were an order of magnitude higher than total picophytoplankton.  In the 
first CO2 carboy experiment, picoeukaryote abundance was lower as compared to 
cyanobacteria abundance in water taken from outside of the bloom (Figure 1A).   
 In the first experiment, after twenty four hours (T24), there was no significant 
increase in any of the picoplankton population abundances within all 4 pCO2 carboys 
(Figure 2A and C).  After 72 hrs, the increase in cyanobacterial and HB abundances was 
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more dramatic (though the error on the cyanobacterial abundaces for 380 and 1200ppm 
pCO2 levels was great enough that the increase is not significant); Figure 1C.  These 
increases in abundance, however, are not significantly different between the various 
pCO2 levels, indicating the positive response of these populations is not a result of the 
elevated pCO2.  The picoeukaryotes did not show any change in abundance at any of the 
pCO2 levels even after 72 hrs (Figure 2B).  The second pCO2 experiment carried out with 
water from within a coccolithophore bloom did not show a significant change in 
abundance within the cyanobacteria or heterotrophic bacteria populations at either T24 or 
T72 (Figure 2B,D ).  Picoeukaryotes showed elevated abundances at T72 in carboys 
exposed to all levels of pCO2 (Figure 1D and 2). 
DISCUSSION 
 Picoplankton did not exhibit an obvious response to elevated CO2 suggesting that 
their populations may be more resilient to short term changes, however beyond the scope 
of our analyses, the long-term effects of gradual climate changes are not known.  The 
cyanobacteria population showed no response to increased pCO2 suggesting that their 
populations may remain steady as atmospheric CO2 continues to increase.  Although 
regional distribution patterns illustrate the influence of coastal topography on the 
phytoplankton assemblages, marine microbes are found throughout the global oceans and 
reflect strikingly consistent abundances over geological time (Falkowski and Oliver 
2007; Fuhrman et al. 2008).  Our results may imply that picoplankton communities may 
be well suited to adapt to environmental changes such as climate change and rising CO2 
levels such as been suggested by (Cermeño et al. 2010).  Furthermore, our results are 
concurrent with other studies showing that the phytoplankton community was not 
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significantly altered as a result of increased CO2 but rather a potential shift in the 
community composition may be responsible for the dramatic increase in picoeukaryotic 
abundance throughout all carboys.  It is possible, though difficult to determine from our 
limited flow cytometry data, that a shift in dominant picoeukaryotic species may have 
occurred as result of the influence of elevated CO2.  This important response has 
previously been measured in nanoplankton populations (Tortell et al. 2002).  It is not 
know whether picoplankton populations exhibit the same physiological response to 
pCO2. 
 The 10-fold increased growth of a mixed picoeukaryote population after 24 hours 
of exposure to elevated CO2 in experiment 2 (within the coccolithophore bloom) reflects 
a significant (growth) response that was not exhibited by other picoplankton or measured 
in the first experiment.  This may be due to the composition of the phytoplankton 
community at station 5 (outside the bloom) and station 24 (within the bloom) as the flow 
cytometric signatures revealed remarkably different picoplankton populations.  Station 5 
water was dominated by the cyanobacteria, Synechococcus, whereas station 24 was 
dominated by picoeukaryotes.  These differences in picophytoplankton communities were 
also observed for these two regions within the PLME in the previous analysis of 
picoplankton distributions shown in ChapterI.  The picoeukaryote population within the 
carboys may have been comprised of coccolithophores which typically range in size from 
3-5µm making it possible that our flow cytometric analysis included a substantial 
population of coccolithophores in our overall picoeukaryotic abundance calculations.  
Despite the influence of a large coccolithophore bloom during experiment 2, it is not 
evident which species is present and therefore, comparisons with other physiological 
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studies of Emiliana huxleyi that observe specific changes in lith morphology and 
calcification are difficult (Tortell et al. 2002; Iglesias-Rodriguez et al. 2008).   
 An important distinction to the results of this study is the selection of CO2 levels 
closely reflects the current atmospheric concentration (at 380ppm) as well as 750ppm 
which has been used in prior perturbation studies (Tortell et al. 2002; Fu et al. 2007).  
This allows our results to be comparable across different studies, geographical regions 
and phytoplankton communities and presents a realistic scenario.  The limited though 
significant picoeukaryotic phytoplankton response to increased carbon dioxide levels 
contribute to understanding the biological community composition within this region at a 
seasonal scale where phytoplankton productivity is high due to the influence of increased 
water temperature and other conditions such as nutrient upwelling and current fronts 
during Austral Summer. 
 The results of this carboy experiment in conjunction with our analysis of 
picoplankton populations within the PLME (described in Chapter I) provide important 
baseline information about the biological community in this region.  Our data reflects the 
response of mixed phytoplankton communities over a short time scale, providing 
standing stocks calculations that can be incorporated into a broader analysis.  
Consequently, the increased growth response of picoeukaryotic populations within the 
carboy experiments during a bloom illustrates the important role that biological cycling 
plays in the atmospheric drawdown of CO2 in the Southern Ocean.
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Figure 1.  Mean picoplankton abundances as a function of time for four different C02 
concentrations; 380, 500, 750 and 1200ppm during experiment 1 conducted at Station 5 
outside of a coccolithophore bloom (A,B,C) and experiment 2conducted at Station 24 
within a coccolithophore bloom (D,E,F).  Error bars reflect the standard deviation from 
the mean for duplicate carboys.  Note the difference in y-axis scale between experiments 
and picoplankton populations reflecting the different initial population structure for the 
two locations.
A. 
B. 
C. 
D. 
E. 
F. 
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Figure 2.  Flow cytometric signatures (FL3 vs. SSC) showing the difference between carboy experiment 1 and 2.  (A)  T0 carboy 
outside the coccolithphore bloom.  (B)  T0 carboy within the coccolithphore bloom.  (C) 380ppm after 72 hrs during experiment 1 
outside the bloom formation.  (D)  380ppm after 72 hrs during experiment 2 within the coccolithophore bloom formation.
Station 5 Station 24 
Station 5 Station 24 
54 
 
REFERENCES 
Acha, E. 2004. Marine fronts at the continental shelves of austral South America Physical 
and ecological processes. Journal of Marine Systems 44, no. 1-2 (January): 83–
105. doi:10.1016/j.jmarsys.2003.09.005. 
 
Ahlgren, N., G. Rocap, and S. Chisholm. 2006. Measurement of Prochlorococcus 
ecotypes using real-time polymerase chain reaction reveals different abundances 
of genotypes with similar light physiologies. Environmental Microbiology 8: 441–
454. 
 
Azam, F., T. Fenchel, J, J, L.A. Meyer-Reil, and F. Thingstad. 1983. The ecological role 
of water-column microbes in the sea. Marine Ecology Progress Series 10: 257–
263. 
 
Balch, W.B. 2009. Cruise Report COPAS'08. Cruise report summary. 
http://shipsked.ucsd.edu/Schedules/2008/rr_2008/balch/COPAS08.CruiseReport.
V3.pdf. 
 
Barnes, R.S.K., and R.N. Hughes. 1999. An introduction to Marine Ecology. Blackwell 
Science. 
 
Belkin, Igor M, Peter C Cornillon, and Kenneth Sherman. 2009. Fronts in Large Marine 
Ecosystems. Progress In Oceanography 81, no. 1-4 (April): 223–236. 
doi:10.1016/j.pocean.2009.04.015. 
 
Bianchi, Alejandro A, Laura Bianucci, Alberto R Piola, Diana R Pino, Irene Schloss, 
Alain Poisson, and Carlos F Balestrini. 2005. Vertical stratification and air-sea 
CO2 fluxes in the Patagonian shelf. Journal of Geophysical Research 110: 1–10. 
 
Bouman, Heather A, Osvaldo Ulloa, David J Scanlan, Katrin Zwirglmaier, William K, 
Trevor Platt, Venetia Stuart, et al. 2008. Oceanographic Basis of the Global 
Surface Distribution of Prochlorococcus Ecotypes. Science 312 (November): 
918–921. 
 
Braga, E., V. Chiozzini, G. Berbel, J. Maluf, V. Aguiar, M. Charo, D. Molina, S. 
Romero, and B. Eichler. 2008. Nutrient distributions over the Southwestern South 
Atlantic continental shelf from Mar del Plata (Argentina) to Itaja'ı (Brazil): 
Winter_summer aspects. Continental Shelf Research 28, no. 13 (July): 1649–
1661. doi:10.1016/j.csr.2007.06.018. 
 
Brierley, Andrew S, and Michael J Kingsford. Impacts of Climate Change Review on 
Marine Organisms and Ecosystems. Current Biology 19 (July): R602–R614. 
 
Brown, C. 1997. Remote sensing of coccolithophore blooms in the Western South 
atlantic ocean. Remote Sensing of Environment 60, no. 1 (April): 83–91. 
doi:10.1016/S0034-4257(96)00140-X. 
55 
 
 
Caldeira, Ken, and Michael E. Wickett. 2003. Oceanography: Anthropogenic carbon and 
ocean pH. Nature 425, no. 6956: 365. doi:10.1038/425365a. 
 
Campbell, L., and D. Vaulot. 1993. Photosynthetic picoplankton community structure in 
the subtropical North Pacific Ocean near Hawaii (station ALOHA). Deep Sea 
Research Part I: Oceanographic Research Papers 40, no. 10 (October): 2043-
2060. doi:10.1016/0967-0637(93)90044-4. 
 
———. 1994. The importance of Prochlorococcus to community structure in the central 
North Pacific Ocean. Limnology and Oceanography 39, no. 4: 954–961. 
 
Carreto, J. 1995. Hydrography and chlorophyll a in a transect from the coast to the shelf-
break in the Argentinian Sea. Continental Shelf Research 15, no. 2-3 (March): 
315–336. doi:10.1016/0278-4343(94)E0001-3. 
 
Carreto, J.I., N. Montoya, R. Akselman, M.O. Carignan, R.I. Silva, and D.A Cucchi 
Colleoni. 2008. Algal pigment patterns and phytoplankton assemblages in 
different water masses of the Rio de la Plata maritime front. Continental Shelf 
Research 28: 1589–1606. 
 
Cermeño, Pedro, Colomban de Vargas, Fátima Abrantes, and Paul G. Falkowski. 2010. 
Phytoplankton Biogeography and Community Stability in the Ocean. PLoS ONE 
5, no. 4 (April 2): e10037. doi:10.1371/journal.pone.0010037. 
 
Chisholm, Sallie W, Robert J Olson, Erik R Zettler, Ralf Goericke, John B Waterbury, 
and Nicholas A Welschmeyer. 1988. A novel free-living prochlorophyte abundant 
in the oceanic euphotic zone. Nature 334 (July): 340–343. 
 
Chisholm, Sallie W., Sheila L. Frankel, Ralf Goericke, Robert J. Olson, Brian Palenik, 
John B. Waterbury, Lisa West-Johnsrud, and Erik R. Zettler. 1992. 
Prochlorococcus marinus nov. gen. nov. sp.: an oxyphototrophic marine 
prokaryote containing divinyl chlorophyll a and b. Archives of Microbiology 157, 
no. 3 (2): 297-300. doi:10.1007/BF00245165. 
 
Dickson, Andrew G. 2007. Guide to Best Practices for Ocean CO2 Measurements. 
PICES Special Publication 3. PICES. 
 
Dolan, J.R. 2005. Biogeography of aquatic microbes. Aquatic Microbial Ecology 41: 39-
48. 
 
Fabry, V., Brad A. Seibel, Richard A. Feely, and James C. Orr. 2008. Impacts of ocean 
acidiﬁcation on marine fauna and ecosystem processes. ICES Journal of Marine 
Science 65: 414-432. 
 
Falkowski, Paul G, Tom Fenchel, and Edward F Delong. 2008. The Microbial Engines 
56 
 
That Drive Earth's Biogeochemical Cycles. Science 320, no. 5879 (May): 1034–
1039. doi:10.1126/science.1153213. 
 
Falkowski, Paul G, and Matthew J Oliver. 2007. Mix and match: how climate selects 
phytoplankton. Nature Reviews Microbiology 5, no. 12: 813–819. 
doi:10.1038/nrmicro1792. 
 
Feely, R.A., V. Fabry, A.G. Dickson, J.P. Gattuso, J. Bijma, U. Riebesell, S. Doney, et al. 
2009. An international observational network for Ocean Acidification. 
 
Feely, Richard A, Christopher L Sabine, J. Martin Hernandez-Ayon, Debby Ianson, and 
Burke Hale. 2008. Evidence for upwelling of corrosive acidified water onto the 
continental shelf. Sciencexpress (May). 
 
Field, Christopher B, Michael J Behrenfeld, James T Randerson, and Paul Falkowski. 
1998. Primary Production of the Biosphere: Integrating Terrestrial and Oceanic 
Components. Science 281 (July): 237–240. 
 
Fierer, Noah. 2008. Microbial biogeography: patterns in microbial diversity across space 
and time. In Accessing Uncultivated Microorganisms: from the Environment to 
Organisms and Genomes and Back, ed. K. Zengler, 320. ASM Press. 
 
Fu, Fei-Xue, Warner, E. Mark, Zhang, Yaohong, Feng, Yuanyuan, Hutchins, and A. 
David. 2007. Effects of increased temperature and CO2 on photosynthesis, 
growth, and elemental ratios in marine Synechococcus and Prochlorococcus 
(Cyanobacteria). Journal of Phycology 43, no. 3 (June): 485–496. 
doi:10.1111/j.1529-8817.2007.00355.x. 
 
Fuhrman, Jed A, Joshua A Steele, Ian Hewson, Michael S Schwalbach, Mark V Brown, 
Jessica L Green, and James H Brown. 2008. A latitudinal diversity gradient in 
planktonic marine bacteria. Proceedings of the National Academy of Sciences 
105, no. 22 (June): 7774–7778. doi:10.1073/pnas.0803070105. 
 
Gao, K., Z. Ruan, V. Villafañe, J-P. Gattuso, and E.W. Helbling. 2009. Ocean 
acidification exacerbates the effect of UV radiation on the calcifiying 
phytoplankter Emiliania huxleyi. Limnology and Oceanography 54, no. 6: 1855-
1862. 
 
Garcia, Virginia M. T, Carlos A. E Garcia, Mauricio M Mata, Ricardo C Pollery, Alberto 
R Piola, Sergio R Signorini, Charles R McClain, and M.D. Iglesias-Rodriguez. 
2008. Environmental factors controlling the phytoplankton blooms at the 
Patagonia shelf-break in spring. Deep-Sea Research I 55: 1150–1166. 
 
Garczarek, Laurence, Alexis Dufresne, Sylvie Rousvoal, Nyree J West, Sophie Mazard, 
Dominique Marie, Herve Claustre, et al. 2007. High vertical and low horizontal 
diversity of Prochlorococcus ecotypes in the Mediterranean Sea in summer. 
57 
 
FEMS Microbiology Ecology 60: 189–206. 
 
Gasol, Josep M, Paul A del Giorgio, and Carlos M Duarte. 1997. Biomass distribution in 
marine planktonic communities. Limnology and Oceanography 42, no. 6: 1353–
1363. 
 
Goericke, R., R. J. Olson, and A. Shalapyonok. 2000. A novel niche for Prochlorococcus 
sp. in low-light suboxic environments in the Arabian Sea and the Eastern Tropical 
North Pacific. Deep Sea Research Part I: Oceanographic Research Papers 47, 
no. 7 (July): 1183-1205. doi:10.1016/S0967-0637(99)00108-9. 
 
Goericke, Ralf, and Nicholas A. Welschmeyer. 1993. The marine prochlorophyte 
Prochlorococcus contributes significantly to phytoplankton biomass and primary 
production in the Sargasso Sea. Deep Sea Research Part I: Oceanographic 
Research Papers 40, no. 11-12: 2283-2294. doi:10.1016/0967-0637(93)90104-B. 
 
Heileman, S. 2009. XVI-55 Patagonian Shelf: LME#14. NOAA. Large Marine 
Ecosystems of the World. http://www.lme.noaa.gov. 
 
Hill, Maurice Neville. 1962. The Sea. Harvard University Press. 
 
Huret, Martin, Isabelle Dadou, Franck Dumas, Pascal Lazure, and Veronique Garcon. 
2005. Coupling physical and biogeochemical processes in the Rio de la Plata 
plume. Continental Shelf Research 25: 629–653. 
 
Iglesias-Rodriguez, M.D., Paul R. Halloran, Rosalind E. M. Rickaby, Ian R. Hall, Elena 
Colmenero-Hidalgo, John R. Gittins, Darryl R. H. Green, et al. 2008. 
Phytoplankton Calcification in a High-CO2 World. Science 320, no. 5874 (April 
18): 336-340. doi:10.1126/science.1154122. 
 
Johnson, P.W., and J. Sieburth. 1979. Chroococcoid cyanobacteria in the sea: a 
ubiquitous and diverse phototrophic biomass. 24, no. 5: 928-935. 
 
Johnson, Zackary I, Erik R Zinser, Allison Coe, Nathan P Mcnulty, Woodward, and 
Sallie W Chisholm. 2006. Niche Partitioning Among Prochlorococcus Ecotypes 
Along Ocean-Scale Environmental Gradients. Science 311, no. 5768 (March): 
1737–1740. doi:10.1126/science.1118052. 
 
Joint, Ian, David M Karl, Scott C Doney, E. Virginia Armbrust, William Balch, Michael 
Beman, Christopher Bowler, et al. 2009. Consequences of high CO2 and ocean 
acidification for microbes in the global ocean. Conference or Workshop Item. 
http://www.pml.ac.uk/research/marine_biogeochemistry/ocean_acidification/cons
equences_for_microbes.aspx. 
 
Kirchman, D., J. Rich, and R. Barber. 1995. Biomass and biomass production of 
heterotrophic bacteria along 140W in the equatorial Pacific: Effect of temperature 
58 
 
on the microbial loop. Deep Sea Research Part II: Topical Studies in 
Oceanography 42, no. 2-3: 603–619. doi:10.1016/0967-0645(95)00021-H. 
 
Li, W. K. W. 1998. Annual Average Abundance of Heterotrophic Bacteria and 
Synechococcus in Surface Ocean Waters. Limnology and Oceanography 43, no. 7 
(November): 1746-1753. 
 
Li, W.K.W. 1994. Primary Production of Prochlorophytes, Cyanobacteria, and 
Eucaryotic Ultraphytoplankton: Measurements from Flow Cytometric Sorting. 
Limnology and Oceanography 39, no. 1 (January): 169-175. 
 
Marie, D., F. Partensky, S. Jacquet, and D. Vaulot. 1997. Enumeration and cell cycle 
analysis of natural populations of marine picoplankton by flow cytometry using 
the nucleic acid stain SYBR Green I. Applied and Envionmental Microbiology 63, 
no. 1: 186–193. 
 
Marie, D., F. Partensky, D. Vaulot, and C. Brussaard. 1999. Enumeration of 
Phytoplankton, Bacteria and Viruses in marine samples. John Wiley & Sons. Inc. 
 
Marie, D., N. Simon, and D. Vaulot. 2005. Phytoplankton Cell Counting by Flow 
Cytometry. In Algal Culturing Techniques, 1–15. Academic Press. 
 
Martin, Adrian. 2005. The kaleidoscope ocean. Philosophical Transactions of the Royal 
Society A: Mathematical, Physical and Engineering Sciences 363, no. 1837 
(December 15): 2873-2890. doi:10.1098/rsta.2005.1663. 
 
Martin, Adrian P, Mikhail V Zubkov, Peter H Burkill, and Ross J Holland. 2005. 
Extreme spatial variability in marine picoplankton and its consequences for 
interpreting Eulerian time-series. Biology Letters 1, no. 3: 366-369. 
doi:10.1098/rsbl.2005.0316. 
 
Martin, Adrian P, Mikhail V Zubkov, Michael J Fasham, Peter H Burkill, and Ross J 
Holland. 2008. Microbial spatial variability: An example from the Celtic Sea. 
Progress in Oceanography 76: 443–465. 
 
Martiny, Adam C, Amos P. K Tai, Daniele Veneziano, François Primeau, and Sallie W 
Chisholm. 2008. Taxonomic resolution, ecotypes and the biogeography of 
Prochlorococcus. Environmental Microbiology 10. 
 
Moore, Lisa R, Gabrielle Rocap, and Sallie W Chisholm. 1998. Physiology and 
molecular phylogeny of coexisting Prochlorococcus ecotypes. Nature 393, no. 
6684 (June): 464–467. doi:10.1038/30965. 
 
Moore, Lisa R., Ralf Goericke, and Sallie W. Chisholm. 1995. Comparative physiology 
of Synechococcus and Prochlorococcus: influence of light and temperature on 
growth, pigments, fluorescence and absorptive properties. Marine Ecology 
59 
 
Progress Series 116. Mar. Ecol. Prog. Ser.: 259-275. 
 
Muelbert, J., M. Acha, H. Mianzan, R. Guerrero, R. Reta, E. Braga, V. Garcia, A. 
Berasategui, M. Gomezerache, and F. Ramirez. 2008. Biological, physical and 
chemical properties at the Subtropical Shelf Front Zone in the SW Atlantic 
Continental Shelf. Continental Shelf Research 28, no. 13 (July): 1662–1673. 
doi:10.1016/j.csr.2007.08.011. 
 
Olson, R. J., E. R. Zettler, and O. K. Anderson. 1989. Discrimination of eukaryotic 
phytoplankton cell types from light scatter and autofluorescence properties 
measured by flow cytometry. Cytometry 10, no. 5: 636-643. 
doi:10.1002/cyto.990100520. 
 
Orr, James C., Victoria J. Fabry, Olivier Aumont, Laurent Bopp, Scott C. Doney, Richard 
A. Feely, Anand Gnanadesikan, et al. 2005. Anthropogenic ocean acidification 
over the twenty-first century and its impact on calcifying organisms. Nature 437, 
no. 7059: 681-686. doi:10.1038/nature04095. 
 
Palenik, Brian. 1994. Cyanobacterial Community Structure as Seen from RNA 
Polymerase Gene Sequence Analysis. Applied and Envionmental Microbiology 
60, no. 9: 3212–3219. 
 
Partensky, F., W. R Hess, and D. Vaulot. 1999. Prochlorococcus, a Marine 
Photosynthetic Prokaryote of Global Significance. Microbiol. Mol. Biol. Rev. 63, 
no. 1 (March): 106–127. 
 
Pommier, Thomas, Jarone Pinhassi, and Åke Hagström. 2005. Biogeographic analysis of 
ribosomal RNA clusters from marine bacterioplankton. Aquatic Microbial 
Ecology 41: 79–89. 
 
Ries, Justin B., Anne L. Cohen, and Daniel C. McCorkle. 2009. Marine calcifiers exhibit 
mixed responses to CO2-induced ocean acidification. Geology 37, no. 12 
(December): 1131-1134. doi:10.1130/G30210A.1. 
 
Rivas, A. 2006. Quantitative estimation of the influence of surface thermal fronts over 
chlorophyll concentration at the Patagonian shelf. Journal of Marine Systems 63, 
no. 3-4 (December): 183–190. doi:10.1016/j.jmarsys.2006.07.002. 
 
Rivas, A.L. 2010. Spatial and temporal variability of satellite-derived sea surface 
temperature in the southwestern Atlantic Ocean. Continental Shelf Research 30, 
no. 7 (April 30): 752-760. doi:10.1016/j.csr.2010.01.009. 
 
Rivas, A.L., A.I Dogliotti, and D.A Gagliardini. 2006. Seasonal variability in satellite-
measured surface chlorophyll in the Patagonian Shelf. Continental Shelf Research 
26: 703–720. 
 
60 
 
Rocap, Gabrielle, Daniel L Distel, John B Waterbury, and Sallie W Chisholm. 2002. 
Resolution of Prochlorococcus and Synechococcus Ecotypes by Using 16S-23S 
Ribosomal DNA Internal Transcribed Spacer Sequences. Applied and 
Envionmental Microbiology 68, no. 3: 1180–1191. 
 
Romero, Silvia I, Alberto R Piola, Marcela Charo, and Carlos A Eiras Garcia. 2006. 
Chlorophyll-a variability off Patagonia based on SeaWiFS data. Journal of 
Geophysical Research 111: C05021–11. 
 
Saraceno, M., C. Provost, A.R. Piola, J. Bava, and A. Gagliardini. 2004. Brazil Malvinas 
Frontal System as seen from 9 years of advanced very high resolution radiometer 
data. Journal of Geophysical Research - Oceans 109, no. C05027. 
http://www.agu.org.prxy3.ursus.maine.edu/journals/jc/jc0405/2003JC002127/inde
x.html. 
 
Schlitzer, Reiner. 2010. Ocean Data View. Alfred Wegener Institut for Polar and Marine 
Research, April 14. http://odv.awi.de/. 
 
Signorini, Sergio R, Virginia M. T Garcia, Alberto R Piola, Carlos A. E Garcia, Mauricio 
M Mata, and Charles R McClain. 2006. Seasonal and interannual variability of 
calcite in the vicinity of the Patagonian shelf break (38S_52S). Geophysical 
Research Letters 33: 1–5. 
 
Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, and 
H.L. Miller. 2007. Historical Overview of Climate Change. In: Climate Change 
2007: The Physical Science Basis. Contribution of Working Group I to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press. 
 
Stenseth, Nils Chr, Marcos Llope, Ricardo Anadón, Lorenzo Ciannelli, Kung-Sik Chan, 
Dag Ø Hjermann, Espen Bagøien, and Geir Ottersen. 2006. Seasonal plankton 
dynamics along a cross-shelf gradient. Proceedings of the Royal Society B: 
Biological Sciences 273, no. 1603 (November 22): 2831-2838. 
doi:10.1098/rspb.2006.3658. 
 
Stockner, John G. 1988. Phototrophic picoplankton: An overview from marine and  
freshwater ecosystems. Limnology and Oceanography 33: 765-775. 
 
Tans, P. 2010. Trends in Carbon Dioxide. NOAA Earth System Research Laboratory 
Global Monitoring Division. http://www.esrl.noaa.gov/gmd/ccgg/trends/. 
 
Ting, Claire S, Gabrielle Rocap, Jonathan King, and Sallie W Chisholm. 2002. 
Cyanobacterial photosynthesis in the oceans: the origins and significance of 
divergent light-harvesting strategies. Trends in Microbiology 10, no. 3: 134–142. 
 
Tortell, Pd, Gr DiTullio, Dm Sigman, and Fmm Morel. 2002. CO2 effects on taxonomic 
61 
 
composition and nutrient utilization in an Equatorial Pacific phytoplankton 
assemblage. Marine Ecology Progress Series 236: 37-43. 
doi:10.3354/meps236037. 
 
Vaulot, D., C. Courties, and F. Partensky. 1989. A simple method to preserve oceanic 
phytoplankton for flow cytometric analyses. Cytometry 10: 629-635. 
 
Waterbury, J.B., S.W. Watson, R.R.L. Guillard, and L.E. Brand. 1979. Widespread 
occurrence of a unicellular, marine,planktonic,cyanobacterium. Nature 277 
(January 25): 293-294. 
 
Watson, R., D. Pauly, V. Christensen, R. Froese, A. Longhurst, T. Platt, S. 
Sathyendranath, K. Sherman, J. O'Reilly, and P. Celone. 2003. Mapping Fisheries 
onto Marine Ecosystems for Regional, Oceanic and Global Integrations. In Large 
Marine Ecosystems of the World. Elsevier. 
 
West, Nyree J, Wilhelm A Schonhuber, Nicholas J Fuller, Rudolf I Amann, Rosmarie 
Rippka, Anton, and David J Scanlan. 2001. Closely related Prochlorococcus 
genotypes show remarkably different depth distributions in two oceanic regions as 
revealed by in situ hybridization using 16S rRNA-targeted oligonucleotides. 
Microbiology 407: 1731–1744. 
 
Zinser, Erik R, Zackary I Johnson, Allison Coe, Erdem Karaca, Daniele Veneziano, and 
Sallie W Chisholm. 2007. Influence of light and temperature on Prochlorococcus 
ecotype distributions in the Atlantic Ocean. Limnology and Oceanography 52, no. 
5: 2205–2220. 
 
Zwirglmaier, K., L. Jardillier, M. Ostrowski, S. Mazard, L. Garczarek, D. Vaulot, F. Not, 
R. Massana, O. Ulloa, and D. Scanlan. 2008. Global phylogeography of marine 
Synechococcus and Prochlorococcus reveals a distinct partitioning of lineages 
among oceanic biomes. Environmental Microbiology 10, no. 1: 147–161. 
 
